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Array for real-time geostrophic oceanography obser-
vations from November 2002 to July 2004 were analysed 
to acquire a wide picture of temperature inversions 
appearing in the north Indian Ocean. The inversions 
show remarkable variability in temporal and spatial 
scales both in magnitude and structure. Inversions in 
the Arabian Sea show maximum magnitude of about 
1.31°C during January and in the Bay of Bengal, the 
inversions peak during February with magnitude 
1.57°C. The equatorial Indian Ocean shows inversions 
of maximum magnitude up to 0.82°C (during May) 
and 1.23°C (during January). The inversions observed 
in the equatorial Indian Ocean propagate westward. 
The inversions formed in the head bay also propagate 
along the east coast of India. The basic mechanisms 
for the propagation of these inv rsions are the Rossby 
and coastal Kelvin waves. 
 
Keywords: ARGO, Indian Ocean, inversion layer depth, 
temperature inversions. 
 
THE existence of temperature inversions in the surrounding 
seas of Japan was reported by Nagata1,2 using Expendable 
Bathy Thermograph (XBT) data. The exist nce of strong 
haline stratifications is known to be the anteced nt fa tor 
for the formation of near-surface temperature inversions. 
The possible mechanisms for the origin f temperature 
inversions is a combined/sole action of the downward 
propagation of annual variation of Sea Surface Tempera-
ture (SST), wind-forced advection of cold water over warm 
water and net loss of heat at the surface or thermohaline 
advection of cold, less saline water over warm saline water. 
Temperature inversions in the Indian Ocean (IO) h ve been 
extensively studied by several authors3–7. However, these 
studies were focused on a smaller domain due to observa-
tional limitations. The advection of cold, less saline water 
from the Bay of Bengal over warm saline Arabian Sea water, 
which helps in the formation of a barrier layer, is the ma-
jor source for the formation of temperature inversions in 
southeast Arabian Sea3. This barrier layer supports the 
cooling of surface water through air–sea fluxes and results 
in the formation of temperature inve sions7. Using Ocean 
General Circulation Model (OGCM) simulations and XBT 
observations, Durand et al.6 found that these inversions 
contribute considerably to heat the surfac layer above. 
They observed that while the atmospheric fluxes cool 
SST by 0.3°C, the existence of thick barrier layer sup-
pressing entrainment cooling at the botom of the mixed 
layer causing inversions, accounts for the increase in SST 
by 1.1°C over November–March. 
 Understanding the evolution of ocean thermal structure 
is fundamental to study the air–sea interface processes. 
With the evolution of state-of- he-art observation system 
ARGO (Array for Real-time Geostrophic Oceanogrphy)8, 
it is now possible to reframe/restructure the basic circula-
tion and temperature profiles of the oceans. Here we map 
the entire north Indian Ocean, north of 10°S, using ARGO 
profiles with emphasis on spatial coverage of inversi ns 
and their seasonal evolution in the north Indian Ocean. 
We also address the influence of remote forcing in the 
modulation of temperature inversions in the region. 
 In accordance with Durand et al.6, inversions are said 
to be present if the subsurface temperature exceeds the 
surface temperature by at least 0.2°C. Inversions appearing 
near the surface (< 20 m) were not considered in the analy-
sis. Inversion Layer Depth (ILD) is defined as the depth 
below the inversion, where temperature is the same as 
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where r = 1025 kg/m3, is the density of sea water, and 
Cp = 4000 J/kg/K, is the specific heat capacity of sea water.
 To show the contrasting features, we divided the north 
Indian Ocean into four regions, Arabian Sea (AS) region 
(60 to 75°E, 5 to 25°N), Bay of Bengal (BoB) region (80 to 
100°E, 10 to 20°N), Central Equatorial Indian Ocean 
(CEIO; 55 to 90°E, 10°S to 5°N) and East Equatorial  
Indian Ocean (EEIO) extending between 90–110°E and 
10°S–10°N. 
 The complete ARGO profiles from November 2002 to 
July 2004 in the north Indian Ocean were analys d i  this 
study. Figure 1 shows a quantitative picture of the tem-
perature inversions in the north Indian Ocean during this 
period. The crossed points represent locations of ARGO 
inversion profiles. The number of available ARGO pro-
files in the four basins is shown in the Table 1. 
 The ARGO observations are used to explain the spatial 
evolution of temperature inversions in the Indian Ocean 
region. The processes associated with the evolution of in-
versions in different basins are different, which are dis-
cussed here. The discussions are based on the analysis of 
all available ARGO profiles having inversions during this 
period and the available atmospheric heat and freshwater 
flux information. To understand the physical processes res-
ponsible for the formation of inversions, we have analysed 
some typical inversion profiles from different basins. 
The temperature inversions in the Arabian Sea start ap-
pearing in November, peak in mid January and disappear 
by late March. The westward propagation of these inversions 
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Figure 1. Temperature inversions in the north Indian Ocean from November 2002 to July 2004. Cross 
points represent inversion locations. 
 
 
was observed in XBT profiles7. Even though the number 
of ARGO floats and frequency of observations in the 
Arabian Sea are remarkably small, the deployed floats are 
enough to show the existence of inversions. Strong tempe-
rature inversions were observed in the Arabian Sea from 
November 2002 to January 2003 (Figure 1). Inversions 
are again seen in this region from December 2003 to June 
2004 (except in April 2004). During November 2002, in-
versions are observed around 40 m depth having magnitude 
1.4°C, with ILD 45 m. From November onwards, ILD in-
creases and by late December ILD deepens up to 75 m, 
with maximum magnitude of inversion 0.46°C at 40 m 
(Figure 2). This deepening of ILD continues in January 
also. ILD up to 80 m was observed during January. Important 
features of the January inversions are occur nce of deeper 
level inversions. Inversions with maximum magnitude of 
1.31°C at 60 m were observed during January. In Febru-
ary, deepening of ILD ceases and it shoals to 20–55 m with 
maximum magnitude of inversion 0.31oC around 50 m. 
However, ILD deepens again during late February and early 
March with lesser intensity. Temperature inversions up to 
a maxi um of 0.37°C at 50 m are observed in March. Inver-
sions completely disappear from the region during April. 
Mild inversions are observed in May and June 2004 (with 
magnitude 0.27°C). 
 Freshwater input from the surrounding rivers and signi-
f cant amount of rainfall during the summer monsoon season 
make the Bay of Bengal surface water the lowest saline 
water (< 33 ppt) in the Indian Ocean. Shetye et al.4 ob-
served that the thin surface mixed layer present in the 
northern bay throughout the year results from freshwater
influx by rivers. This layer cools rapidly in winter, result-
ng in near-surface temperature inversions. Vinayacha dran 
t al.9 observed temperature inversions in the Bay of 
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Bengal amounting to 0.5°C during BOBMEX (Bay of 
Bengal Monsoon Experiment, July–A gust 2001) using 
hydrographic observations. They attributed the formation 
of inversion to the advection of freshwater plume from 
the east coast of India and the resultant barrier layer. Fig-
ure 1 strongly suggests that temperature inversions are 
present in the Bay of Bengal throughout the year. Howev r, 
the observed inversions are few in April and August, but 
peak during November to March. Absence of temperature 
inversions in April is due to the increase in surface heat 
flux and decrease in freshwater fluxes. The number of 
points where inversions are observed is maximum in the 
head bay region during January to February 2004 (Figure 1). 
Inversions were stronger in November at 20–55 m depth, 
with magnitude 0.79°C (Figure 3). Like in the Arabian 
Sea, the Bay of Bengal inversions also showed a deepening 
of ILD from late November onwards. ILD deepens in late 
December up to 75 m and maximum magnitudes of inver-
sions (0.73°C) were found at 35–40 m. During January, 
inversions show maximum magnitude of 1.23°C at 65 m. 
Deepening of ILD continued and reached its maximum in 
February. The ILD deepens up to 105–120 m and maximum 
magnitude of inversion 1.57°C at 100 m is observed during 
this time. After reaching its peak phase in February, ILD 
starts shallowing in mid-March, and almost disappe rs in 
April. From May onwards, inversions reappear in this region. 
 Godfrey10 found that a major cause for variability in the 
southern Indian Ocean is induced by the intrusion of Pacific 
water through Indonesian seas via Indonesian throughflow. 
Since this warm Pacific water is received in the EEIO, it 
is susceptible to changes from nearby Indonesia  seas nd 
 
 
Table 1. ARGO profiles in different basins 
 No. of ARGO profiles in 
 
 AS BoB CEIO EEIO 
 
2002 Nov. 64 14 22 17 
 Dec. 43 10 46 21 
2003 Jan. 40 11 56 30 
 Feb. 55 10 52 26 
 Mar. 65 12 69 35 
 Apr. 77 12 65 33 
 May 82 12 56 31 
 Jun. 103 16 48 33 
 Jul. 92 23 74 28 
 Aug. 104 41 70 37 
 Sep. 104 48 93 35 
 Oct. 95 36 104 50 
 Nov. 81 41 104 40 
 Dec. 76 48 103 33 
2004 Jan. 94 36 92 36 
 Feb. 84 38 91 26 
 Mar. 78 49 92 24 
 Apr. 69 51 83 24 
 May 120 48 112 28 
 Jun. 169 32 160 45 
 Jul. 138 34 183 47 
western Pacific Ocean. The temperature inversions started 
appearing in EEIO in April and are present up to Novem-
ber. The temperature inversions are sparse in this region 
during December–March. The seasonality of inversions 
in the EEIO is shown in Figure 4. During April–May, the 
nversions are observed at 30–60m depth, with maximum 
magnitude of 0.82°C. Deepening of ILD is observed in 
June and July (up to 80 m), but magnitudes fall to 0.43°C. 
ILD shallows from August onwards (40 m), with magnitude 
0.4°C. 
 Temperature inversions in the CEIO start appearing 
significantly in late May and spread to most of the basin by 
July–August (Figure 1). Maximum number of inversion 
points in the CEIO region is observed in July. During 
November to January, inversions are mostly confined to the
w stern part of the CEIO. During February to April, in-
v rsion points are observed to be few in number. Inversions 
ar  weak in magnitude (0.28°C) during late May at 60 m and 
strengthen in June (0.61°C at 60 m; Figure 5). The ILD 
deepens to 80–90 m in June–July and shoals to 60–7  m 
during December. By January, ILD again deepens to 
about 90 m with maximum magnitude of 1.23°C at around 
70 m. The ILD in CEIO is observed to be shallow in the ini-
tial phase of appearance of inversions (May–June) and 
reaches a maximum during July and January.
 The oceans have enormous heat capacity allowing them 
to easily absorb large amount of heat with only a small rise 
in temperature. The HC of the upper ocean is the source 
of eat immediately available for exchange to the atmos-
phere. It plays a major role in driving the weather and 
climate variations. The seasonal evolution of climatologi al 
100 m HC in the north Indian Ocean from Levitus Clima-
tology, is shown in Figure 6. During winter season (De-
cember–February), HC maximum is seen in the SEAS 
and off Sumatra coast in EEIO. By spring (March–May), 
major part of the north Indian Ocean and EEIO show 
higher HC of above 1.24 ´  1011 J/m2. Clear sky conditions 
and large influx of solar radiation are the main factors deter-
mining the HC during winter and spring seasons. With the 
establishment of the southwest monsoon (summer), the total
HC of the Arabian Sea decreases and HC maximu  shifts 
to the southern Arabian Sea. In EEIO, the HC gradually 
increases from winter season and by summer (June–A gust) 
the entire EEIO shows a high value. During fall (Septem-
ber–November), decrease in HC is observed in all these 
three basins. The importance of HC variability during 
monsoon11 and evolution of Arabian Sea warm pool12 were 
discussed in earlier studies. HC was calculated using the 
ARGO profiles from 10m to ILD and the corresponding 
climatological values were calculated from Levitus Cli-
matology. The HC of profiles for different basins is given 
in Table 2. The date of ARGO observation, float ID and 
ILD are also indicated in Table 2. The computed HC is 
considerably larger than the climatology, whereas the 
near-surface ocean temperature in the ARGO profiles was 
lesser than in Levitus Climatology. Thus it is evident that 
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Figure 2. Arabian Sea temperature inversions: latitude, longitude, float ID and maximum inversion re-
spectively (a) 16.57°N, 70.4°E, 2900090, 0.31ºC; (b) 7.91°N, 71.8°E, 2900193, 0.46°C; (c) 17.90°N, 
64°E, 2900088, 0.51°C; (d) 9.10°N, 64.4°E, 2900188, 0.42°C; (e) 15.75°N, 70.3°E, 2900090, 1.31ºC; 






Figure 3. Same as Figure 2, but for Bay of Bengal. (a) 14.5°N, 91.9°E, 2900269, 0.40°C; (b) 13.36°N, 
86.2°E, 2900271, 0.38°C; (c) 14.87°N, 90.3°E, 2900268, 0.73°C; (d) 14.65°N, 90.8°E, 2900268, 0.31°C; 
(e) 15.57°N, 89.2°E, 2900269, 1.29°C; ( f ) 14.26°N, 90.5°E, 2900269, 1.46°C; (g) 14.98°N, 86.3°E, 
2900093, 1.04°C; (h) 13.72°N, 91.0°E, 2900269, 1.21°C; (i) 13.07°N, 83.7°E, 2900271, 0.63°C; ( j ) 
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Figure 4. Same as Figure 2, but for EEIO. (a) 11.25°S, 118.0°E, 2900037, 0.82°C; (b) 8.96°S, 98.7°E, 
2900032, 0.37°C; (c) 1.63°N, 93.0°E, 2900234, 0.23°C; (d) 10.66°S, 104.0°E, 2900027, 0.44°C; (e) 
5.21°N, 91.5°E, 2900274, 0.47°C; ( f ) 5.29°N, 91.5°E, 2900274, 0.34°C; (g) 4.67°N, 93.4°E, 2900274, 





Figure 5. Same as Figure 2, but for CEIO. (a) 4.02°N, 85.0°E, 2900232, 0.29°C; (b) 0.51°N, 82.5°E, 
2900279, 0.25°C; (c) 1.11°N, 84.2°E, 2900079, 0.42°C; (d) 4.29°S, 87.5°E, 2900099, 0.30°C; (e) 1.49°N, 
85.6°E, 2900079, 0.32°C; ( f ) 5.09°S, 80.3°E, 2900122, 0.77°C; (g) 6.37°N, 82.8°E, 2900094, 0.50°C; 
(h) 5.83°N, 83.0°E, 2900094, 1.14°C; (i) 3.62°N, 66.0°E, 2900080, 0.26°C; ( j ) 3.38°N, 64.4°E, 
2900080, 0.21°C; (k) 4.75°S, 86.9°E, 2900122, 0.23°C; (l) 5.78°N, 88.8°E, 2900358, 0.23°C; (m) 
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the larger HC of the ARGO profiles is contributed by the 
subsurface increase in temperature. HC of ILD is consid-
ered as a measure of thermal change due to inversion. 
This higher HC implies the significance of inversions in 
heating up the upper ocean, which is strongly coupled to 
the atmosphere. This in fact influences the weather condi-
tions over the surro nding region. 
 The dynamics and mechanism of formation of inversions 
can be different in different regions and oceans1. Existe ce 
of stable barrier layer in the equatorial Indian Ocean and 
Bay of Bengal were first reported by Sprintall and Tomczak13.
They suggested that the formation and existence of the 
barrier layer is due to enhanced local rainfall and run-off. 
The presence of a thick barrier layer in EEIO during spring 
and fall seasons was noted by Masson et al.14. Their 
OGCM study showed that the westward exten of the 
barrier layer was less during spring than fall season. Preci-
pitation and advection of salty Arabian Sea water helped 
in the formation of the barrier layer in the EEIO (off Suma-
tra). Presence of the strong barrier layer in this region is 
conducive for the formation of temperature inversions by 
suppressing the vertical advection processes. In EEIO, 
temperature inversions originate east or southeast of Java 
and Sumatra during May. However, from June the inver-
sions have shifted towards equatorial region near North 
Sumatra. In July and August, temperature inversions are 
seen in the equatorial region extending westward up to 
around 70°E. The observed inversions in the Bay of Bengal 
in May are widely spread by July and disappeared in Au-
gust. Abundant freshwater contribution by the Ganges–
Brahmaputra–Irrawaddy rivers into the north and eastern 
sides of Bay of Bengal during the southwest monsoon 
season, is more adequate to sustain stable haline stratifi-
cation. Gradually, as the run-off decreases during northeas 
monsoon season (February to April), the barrier layer col-
lapses13. This may be one possible reason for the disap-
pearance of temperature inversions during April in the 
Bay of Bengal, but strong inversions appeared in November. 
Migration of low-salinity water (brought by the winter 
monsoon current) towards SEAS and surface cooling by 
air–sea fluxes and the resultant barrier layer fom tion lead 
to temperature inversions in the SEAS. 
 Analysis of ARGO profiles in the equatorial Indian
Ocean (5.20°N, 88.4°E, date: 09.06.2004, float ID: 2900358, 
taken as reference profile), shows an inversion maximum 
around 70 m. The profile ten days before (5.78°N, 88.8°E) 
the reference profile also showed inversion, but with lesser 
magnitude. However, thickness of the inversion layer is 
more in the reference profile. The inversion disappeared 
from the profile ten days after (4.70°N, 8 .9°E) the refer nce 
profile. The surface temp rature is observed to be higher 
in the profile prior to the reference profile. However, the 
preceding profile showed a slight increase in upper layer 
temperature, with considerable deepening in the thermo-
cline (20°C depth). This reveals the advection of water mass 
towards the region of observation. The profile in the Ara-
bian Sea (25.74°N, 70.3°E, date: 29.01.2004, float ID: 
2900090, reference profile) showed increase in subsur-
face temperature compared with the profile prior to ten days 
(same location). In the profile after ten days (16.07°N, 
70.4°E), the inversion was absent. However, subsurface 
temperatures are more in the reference and preceding pro-
files than the one prior to the reference profile. Similar fea-
tures are also observed in the Bay of Bengal during December 
2003. 
 The westward propagation of Semiannual Rossby 
Waves (SRW) and northward propagation of coastally 
trapped Kelvin waves along the coast of the Bay of Ben-
gal from Sumatra coast during April–May, were well estab-
lished using Climatological Sea Surface Height Anomalies 
form Topex/Poseidon (T/P) altimetry data (Figure 7). The 
westward propagation of SRW from the EEIO during May–
June (Figure 7 a and b), the propagtion of coastally 
trapped Kelvin waves along the perimeter of the Bay of 
Bengal (Figure 7 c) and propagation of SRW from the 
SEAS (Figure 7 d) are represented. Propagation of inver-
sions in the north Indian Ocean coincides with the propa-
gation of these waves. The net heat loss from the ocean 
can also lead to the formation of temperature inversions. 
Strong inversions are observed in the EEIO during May–
June and by July–August, inversions are observed in the 
region east of 70°E. However, the net heat flux over the 
EEIO and CEIO is positive during this period (figures not 
shown), which strongly suggests that the propagation of 
inversions is due to Rossby waves. In short, it is clearly 
indicated that even though the ocean surface is gaining 
heat, increase in subsurface tempera ure occurring in this 
region is attributed by the westward propagating SRW. 
 The deployment of ARGO floats for exploring the oce-
anic subsurface features dispenses immense opportunity 
to understand the thermodynamical processes in the upper 
oce n. ARGO observations are able to give a wider picture 
of temperature inversions occurring in the Indian Ocean. 
Inversions in the Arabian Sea originate in November at 
shallow levels, but ILD deepens to about 80 m in January. 
The Bay of Bengal inversions also show deepening trends 
in ILD from November onwards, with maximum during 
February. Inversions in the equatorial Indian Ocean appear  
 
 
Table 2. Heat content of profiles for different basins 
 HC (1010 J/m2) 
 
Region Date Float ID ILD (m) Climatology ARGO 
 
AS 22.12.2003 2900193 75 8.14 8.17 
 29.01.2004 2900090 80 9.94 9.98 
BoB 25.12.2003 2900268 80 8.74 8.78 
 22.02.2004 2900093 105 11.70 11.84 
CEIO 06.02.2003 2900080 60 6.27 6.31 
 27.01.2004 2900080 80 8.722 8.783 
EEIO 08.07.2003 2900032 90 9.97 10.1 
 11.07.2004 2900274 90 9.979 10.003 
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Figure 6. Climatological 100 m heat content (from Levitus) for (a) winter, (b) spring, (c) summer and () fall seasons 






Figure 7. Monthly mean sea surface height anomalies (in cm) from T/P altimetry for () May, (b) June, (c) November, and  
(d) February. Plots are means for 1992–2002 without the anomal us years 1994 and 1997.  
 
 
in the eastern parts around June and by December–January 
they shift towards the western regions. Temperature inver-
sions appear in the EEIO, east of Java–Sumatra islands in 
April and May. As observed in SEAS, the air–sea flux 
dynamics may play a vital role in their format on. To acquire 
perspicuous knowledge on the mechanism of formation 
of temperature inversions, continuous observation of sur-
face fluxes and subsurface oceanic parameters is required.
Inversions originating in the EEIO were found to be propagat-
ing westward in the equatorial region (evident up to 70°E) 
and along the east coast of BoB to the north. The associa-
tion of Rossby and coastal Kelvin waves with the propa-
gation of temperature inversions in the SEAS and Bay of 
Bengal is clearly seen in both ARGO temperature profile 
and TOPEX/POSEIDON sea-surface height anomalies 







CURRENT SCIENCE, VOL. 90, NO. 5, 10 MARCH 2006 704
*For correspondence. (e-mail: prasant_t@rediffmail.com) 
region may also be associated with the westward-propagating 
Rossby waves generated in the east during May–Ju e.
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Resource conservation through land 
treatment of municipal wastewater 
 
P. R. Thawale*, A. A. Juwarkar and S. K. Singh 
National Environmental Engineering Research Institute, 
Nehru Marg, Nagpur 44002 , India 
 
Industrialization and urbanization have been causing 
tremendous pressure on the water resources. In turn, 
to maintain the pace of development, it has become 
necessary to search for alternative sources of water. 
Conventional wastewater- reatment technologies are 
cost-intensive and often pose financial constraint in 
developing countries. Therefore, considerable attention 
has been directed towards design and development of 
low-cost wastewater management technologies coupled 
with recycle and reuse benefits. High Rate Transpira-
tion System (HRTS) is one such technology which can 
be implemented for domestic effluent disposal and reuse. 
This hypothesis was examined in field and laboratory 
experiments conducted by the National Environmental 
Engineering Research Institute (NEERI), Nagpur, In-
dia. This communication highli hts the use of HRTS 
for the removal of pollutants like BOD, nitrogen and 
phosphorus from primary treated waste ter. The 
low-tech and low-cost wastewater treatment HRTS 
shows good performance for reduction of pollutants 
with minimal soil and plant contamintio . 
 
Keywords: Casurina equisitifolia, Dendrocalamus stric-
tus, high rate transpiration system, land treatment, reno-
vation. 
 
LAND application of domestic sewage effluent is a cost-
effective method of treatment and disposal. Rapid infiltra-
tion of sewage into sandy soils can result in improvement 
of its physical, chemical and microbiological quality1.
Reduction in nitrates, BOD and bacteria may be achieved 
after the passage of sewage effluent through a few metres 
of soil2. Land treatment, especially rapid infiltrat on of 
municipal wastewater into relatively permeabl  soils, is 
becoming an important treatment method due to the in-
creasing need for water reuse and protection of ground-
water in many areas of the world3. Land application of 
domestic and industrial wastewater is gaining momentum 
owing to the fact that land application prov des primary, 
secondary and tertiary treatment to the waste, all in a single 
operation, with recycling and reuse benefits of wastewater
and nutrients for biomass production4–7, besides preventing 
the pollution of streams and lakes. In view of the fact that 
fiscal resources available with the municipal agencies re 
inadequate, which pose constraints in putting up the con-
ventional facilities, land treatment in conjunction with 
conventional treatment, or alone in the worst case, is an 
ideal proposition. The inplant treatment of both domestic 
